Abstract. Acid mine drainage (AMD) is the outflow of acidic water from metal mines or coal mines. When exposed to air and water, metal sulfides from the deposits of the mines are oxidized and produce acid, 
lower overall pH value of the water. The water is then unfit for consumption, agricultural or industrial use. AMD has become one of the largest problems in the mining industry. [1] , [2] , [3] showed that limestone armored with metal oxides releases calcium at a 20% rate of the unarmored one. Experiments conducted by Zimekiewicz et al. [4] investigated the factors that affect the performance of the open limestone treatment.
We study the problem from a mathematical point of view. A mathematical model has previously been created [5] to process data taken from numerous experiments. The model will now be utilized to establish a practical application to the processed data. The purpose of this paper will be to establish reasonable boundaries for which an OLC would be a solution for AMD remediation. Section 2 explains the mechanism of an open limestone channel. The underlying differential equation is presented in Section 3. Numerical results are given in Section 4. In addition, full tables of values produced from the model will be presentedin the supplemental material.
Chemical Reaction
The dissolution of calcium carbonate from limestone is the main chemical reaction occurring in an open limestone channel. It can be described by the following chemical formulas [6] 
2) The metal precipitate at the surface of limestone is considered to be Fe(OH) 3 produced by iron ions. The reaction is as follows
Assuming the system is at chemical equilibrium, we can calculate the concentrations of all species in solution by applying mass balance and charge balance equations in the system. In the following, we will set up a chemical equilibrium model for the system. Readers are referred to [7] for a more detailed explanation of the numerical method used to solve chemical equilibrium problems.
To compute the concentrations of species, we consider the following reactions
with the following equilibrium constants, respectively
8)
9) where κ i , i = 1, ..., 6 are the equilibrium constants for the corresponding reactions. It is obvious that log κ 1 = log κ 3 = log κ 6 = 0, indicating that no numeric value will be assigned. It can also be noted that κ 2 is equivalent to K w , as defined in (2.10). This constant and the others are defined by experiments as functions depending on temperature of the stream. [8] In the following equations the temperature, designated T in units of Kelvin, gives the equilibrium constant at a specified temperature. These equation are used in combination with the mass balance and charge balance equation (2.11) to obtain a system of 6 nonlinear equations with the 6 species as variables. We then solve the nonlinear system of equations by Newton-Raphson method. The initial value of calcium obtained experimentally will be input into this system, as well as an initial guess for the concentration of hydrogen in the system. For all calculations done in this paper, the initial guess for the amount of hydrogen is set at 10 −9 M. For the channel studied at the Swank 13 site, the initial calcium concentration at the top of the channel was determined to be 3.68 * 10 −5 M by chemistry students using flame atomic absorption spectroscopy under the supervision of Dr. Edward Zovinka. This value is considered to be the concentration of the calcium in the bulk water, and what is produced from the speciation using Newton-Raphson is considered to be the concnetration at the surface of the limestone.
Rate equation
The rate of dissolution of calcite r(mmol/cm 2 /s), determined by the chemical reactions (2.1), (2.2), (2.3), is given by the following equation [9] 
where
H 2 O, Ca 2+ and HCO 3 -, which are assumed in this work to be the same as concentrations. The first order rate constants
The rate constant of the precipitation reaction k 4 (cm/s) is defined as
where K 2 is the equilibrium constant for dissociation of bicarbonate, K C is the solubility product constant for calcite, k 1 is a modified forward rate constant for reaction (2.1), which is about (10 ∼ 20)k 1 . This equation can be solved directly if operating under the assumption that no iron precipitate has built up on the limestone surface and hence that the concentration of calcium in the bulk solution is equivalent to the concentration at the surface.
These are the conditions found at the beginning of the channel before the calcium carbonate reactions have occured and iron has precipitated.
When there is a layer of metal precipitate on the limestone surface, another approach is warranted. An approximation of Ficks first law of diffusion [7] gives the mass flux of Ca 2+ from the surface of limestone through the metal sediment layer, in our case, Fe(OH) 3 , into the bulk solution into a fluid of volume V (m 3 ), the mass balance necessitates that the rate of change of the concentration in the bulk solution is
The change in time referenced in the differential equation is representative of the time a specific volume of water has spent in the channel. This time scale is discussed in Section 4 when considering the figures produced by the model. Then combining this differential equation with the rate law, we . This new calcium concentration is then used to recalculate the equilbrium contrations of the other species using the process described in Section 2.
Because of the low solubility of Fe 3+ , it tends to precipitate when the pH value raises to some certain threshold. To calculate the iron precipitation, we consider the following reaction and its corresponding equilibrium equation [7] Fe(OH) 3 + 3 H
The effect is added to the numerical solver to reflect the diffusion of calcium ions through the precipitation layer on the surface of limestone.
The rate of dissolution is used to calculate the concentration of species in the next step.
Numerical results
Both samples and numeric data were collected by engineering students However, when experimental data was inputed into the model, the ode45 was unable to produce an accurate result at any point in the channel. Euler's
Method was used as a basic numeric solver to calculate final conditions using an easily understood method. The Euler's program was able to match the end conditions of the channel, but due to the linear nature, unable to obtain the curvature required to predict values in the center of the channel with accuracy. Other numeric methods may be able to predict conditions other than the end condition of the channel and should be studied further. For this paper, the information provided by the Euler's model will be used to make predictions based on the end conditions of the channel only.
Several tables and figures are shown as examples of data collected and
model outputs. Table 1 shows data collected pertaining to depth and velocity measurements used as parameters in the model. The values presented in Table 2 as model data were obtained by following the processes outlined in Section 2 and Section 3. Values from Table 1 were first used to specify the surface area and velocity inputs required by the model. Here the surface area parameter is the area of limestone exposed to the bulk water. This area is estimated as an open rectangular prism of uniform height and width. The average depth, D, and width measurements shown in Table 1 were used the height and width measurements of the Table 1 so all data collected with the velocity measurements can be compared.
The calcium measurement from the top of the channel is used as an input to the speciation step detailed in Section 2. The speciation step is a sub- difference between these values will be considered to be the amount of iron precipitated, from which a thickness of a precipitation layer is determined from the surface area available. If the thickness is under the threshold value the precipitate layer is insignificant, and the rate of dissolution can be found directly from equation (3.1). After the precipitate layer has overcome the threshold, a value of calcium in the bulk water must be obtained by solving the nonlinear differential equation (3.8) . This value for calcium is used to recalculate the equilbrium concentrations using the speciation step. These corrected concentrations can then be applied to equation (3.1) to find the rate. The rate of dissolution is then used to find the calcium concentration in the next time step, and the process is repeated. which is consistent with the conclusion made in [4] .
There are several factors that need to be considered before proceeding further with this project. The pH increase predicted from the model is linear in nature while experiment data shows a curved fit. The reaction rates used to output the final pH could be altered to better reflect the actual system or a different numerical method could be used in the model.
The ranges established would be most useful in study of an existing armored channel. Experimental data from a newly created OLC, could better reflect the effectiveness of an OLC on an unremediated stream.
